Introduction {#sec1}
============

Despite constant emergence of new treatment options, relapsed or refractory (r/r) malignancies of the hematopoietic system are still associated with poor prognosis. Until today, allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the only curative treatment option for r/r acute myeloid leukemia (AML). However, allo-HSCT is associated with significant treatment-related mortality and morbidity.[@bib1]^,^[@bib2] Therefore, innovative new immunotherapeutic concepts have been developed in recent years. The application of monoclonal antibodies (mAbs),[@bib3]^,^[@bib4] redirection of autologous T cells with bispecific antibodies,[@bib5] and cellular immunotherapy demonstrated high response rates against r/r hematologic malignancies. In particular *ex vivo* engineered autologous T cells expressing chimeric antigen receptors (CAR-T) against CD19-positive B cell malignancies showed encouraging clinical results with impressive response rates,[@bib6], [@bib7], [@bib8], [@bib9] including patients refractory to prior blinatumomab treatment.[@bib10] Such impressive clinical results prompted the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) to grant marketing authorization to the first CAR-T products.[@bib6]^,^[@bib11] Nevertheless, acute adverse events such as treatment-related severe cytokine release syndrome (CRS), neurotoxicity, as well as the development of CD19 CAR-T refractory escape variants in a significant proportion of patients treated limit their therapeutic success.[@bib12], [@bib13], [@bib14], [@bib15] Moreover, CAR-T treatment beyond CD19 and B cell maturation antigen (BCMA) remains challenging, as expression of other targets in contrast to the B cell-lineage antigens is less differentiated.

A particularly attractive target for immunotherapy of several hematologic malignancies is CD123, the IL-3 receptor α chain. The high expression levels of CD123 in AML, acute lymphoblastic leukemia (ALL), blastic plasmacytoid dendritic cell neoplasm (BPDCN), hairy cell leukemia, and certain lymphomas[@bib16]^,^[@bib17] mark CD123 as an attractive target for CAR-T therapy.[@bib18], [@bib19], [@bib20], [@bib21] However, CD123 is also shown to be present on regular cells, including hematopoietic progenitors[@bib4]^,^[@bib22], [@bib23], [@bib24] and endothelial cells.[@bib25]^,^[@bib26] Preclinical studies reported deleterious effects of CD123-directed immunotherapy.[@bib27], [@bib28], [@bib29]

Recently, our group developed a rapidly switchable universal CAR-T platform (UniCAR) to allow for a highly controlled and dose-dependent activation of CAR-T.[@bib30] The platform approach was successfully evaluated for a series of targets expressed on several hematopoietic[@bib30]^,^[@bib31] and solid tumors[@bib32], [@bib33], [@bib34] *in vitro* and *in vivo.*[@bib35] Herein, we present data from the preclinical and translational development of a UniCAR-based treatment of acute leukemia. We have demonstrated efficient tumor reactivity *in vitro* and *in vivo* using T cells that were engineered to express a UniCAR construct optimized for clinical applications and redirected against CD123^+^ leukemia cells.

Results {#sec2}
=======

Redirection of Modular UniCAR-T Using an Optimized CD123-Specific Targeting Module Mediates Efficient *In Vitro* Elimination of CD123-Positive AML {#sec2.1}
--------------------------------------------------------------------------------------------------------------------------------------------------

The UniCAR platform technology splits antigen-recognition and receptor signaling properties of CAR-T into two separate operational units.[@bib28] T cells are engineered to express a universal CAR (UniCAR-T) that recognizes a small linear peptide derived from the nuclear human La/SS-B protein (UniCAR epitope \[UCE\]), which is not presented on the cell surface. Consequently, UniCAR-T remain completely inactive under physiological conditions. Soluble adapters termed targeting modules (TMs), consisting of the UCE linked to an appropriate binding domain, mediate antigen-specific activation of UniCAR-T ([Figure 1](#fig1){ref-type="fig"}A). A previously published CD28/CD3ζ UniCAR construct[@bib30] and a CD123-specific TM (TM123) were further optimized for clinical application and pre-clinically explored in the present study. Optimization included replacement or de-immunization of all non-human sequences in the constructs. In order to investigate specific activation of UniCAR-T, gene-engineered cells were cultured with 5 nM TM123 alone or in the presence of antigen-expressing target cells. In addition, UniCAR-T lacking intracellular signaling domains (UniCAR~stop~) or modified with EGFP only (vector control) served as controls. We monitored UniCAR-T activation by CD25 expression. Activation and tumor cell elimination were restricted to UniCAR-T in the presence of both TM123 and CD123^+^ target cells ([Figures 1](#fig1){ref-type="fig"}B, 1C, [S1](#mmc1){ref-type="supplementary-material"}A, and S1B). The CD123-expressing AML cell lines OCI-AML3 and MOLM-13 ([Figure S1](#mmc1){ref-type="supplementary-material"}D) were also found to be significantly lysed in a TM123 concentration-dependent manner ([Figures 1](#fig1){ref-type="fig"}E and [S1](#mmc1){ref-type="supplementary-material"}E). Cytokine release was restricted to UniCAR-T cross-linked to target cells via TM123 ([Figures 1](#fig1){ref-type="fig"}D and [S1](#mmc1){ref-type="supplementary-material"}C). There was a considerable variation between individual donors in the amount of secreted cytokines by TM123-activated UniCAR-T. An overlay of dose-response curves of cytotoxic activity and cytokine release revealed that concentration of TM123 required for a half-maximal cytotoxic response (EC~50~; 25 pM) was approximately 10-fold lower than the TM123 concentration that induces a half-maximal cytokine release ([Figure 1](#fig1){ref-type="fig"}E). Upon completion of a screen of 34 cytokines, we found interferon γ (IFN-γ), interleukin 2 (IL-2), granulocyte-macrophage colony-stimulating factor (GM-CSF), macrophage-inflammatory protein 1a/b (MIP-1a/b), and IL-1 receptor antagonist (IL-1RA) as the dominant cytokines released by TM123-activated UniCAR-T against OCI-AML3 cells ([Figure S2](#mmc1){ref-type="supplementary-material"}). In a clinical setting, UniCAR-T will be most likely outnumbered by the leukemic blasts, and hence we explored the ability of UniCAR-T to lyse AML cells in a TM123-dependent manner at low effector-to-target cell (e:t) ratios. Cytotoxic responses at different e:t ratios and time points resulted in comparable EC~50~ values ([Figure S1](#mmc1){ref-type="supplementary-material"}F). The expansion of the UniCAR-T population upon TM-mediated cross-linkage was found to be even higher than expansion induced by antibody-mediated CD3/CD28 stimulation ([Figure S1](#mmc1){ref-type="supplementary-material"}G).Figure 1Switchable UniCAR-T Triggered by TM123 Are Highly Active Against AML(A) Schematic presentation of the inducible modular UniCAR-T platform. Human T cells were genetically engineered to express either functional UniCARs, signaling-deficient UniCARs (UniCAR~stop~), or enhanced green fluorescent protein only (vector control). (B) Upregulation of activation marker CD25 on CD4^+^ and CD4^−^ UniCAR-T (2 × 10^4^) cultivated with OCI-AML3 cells at an effector to target (e:t) ratio of 1:1 was determined by flow cytometry after 48 h (mean ± SD). (C) Lysis of OCI-AML3 cells after 48 h in the presence of TM123 normalized to controls lacking UniCAR-T (mean ± SD). (D) Detection of IFN-γ in cell culture supernatants after 48 h of cultivation with OCI-AML3 cells (mean ± SEM). (E) TM123 dose-response-dependent cytotoxic efficacy and IFN-γ release of UniCAR-T after 48 h of cultivation with OCI-AML3 cells (mean ± SD). Culture conditions in (C), (D), and (E) are as described for (B). (F) Quantification of phosphorylation of STAT5 upon signaling induction via the GM-CSF/IL-3/IL-5 receptor complex on U937-CD123 cells through binding of TM123 (lanes 3 and 4, respectively), recombinant IL-3 (lane 5), GM-CSF (lane 6), or without exogenous additives (lanes 1 and 2). Statistical significance for (B), (C), and (D) was assessed by nonparametric one-way analysis of variance (ANOVA; Kruskal-Wallis test) with a *post hoc* Dunn's multiple comparison test (∗p ≤ 0.05, ∗∗p ≤ 0.01).

An important safety question for clinical application of TM123 was the potential of the TM to induce downstream signaling events upon binding to CD123. Therefore, we investigated the downstream effects of TM123 binding to CD123 via analysis of STAT5 phosphorylation. While STAT5 was detected in all tested conditions, an increase in phosphorylated STAT5 was only found in samples incubated with IL-3 or GM-CSF, but not in samples treated with up to 1 μM TM123 ([Figure 1](#fig1){ref-type="fig"}F).

In addition to the AML cell lines, TM123-redirected UniCAR-T were also tested on primary CD123^+^ AML samples ([Figure 2](#fig2){ref-type="fig"}A). The allogeneic UniCAR-T eliminated primary AML blasts at a low e:t ratio of 1:5 after 48 h with an estimated EC~50~ of 22--37 pM, which was comparable to the results obtained with cell lines ([Figure 2](#fig2){ref-type="fig"}B).Figure 2CD19- and CD123-Redirected UniCAR-T Are Highly Efficient at Targeting Primary Acute Leukemia(A) CD123 expression on patient-derived AML and B-ALL blasts. (B) Lysis of patient-derived primary AML blasts by TM123-redirected allogeneic UniCAR-T at an e:t of 1:5 after 48 h. Results were normalized to allogeneic control samples lacking any TM123 (mean ± SD). (C) TM123-redirected allogeneic UniCAR-T (1 × 10^4^) were cultured with patient-derived B-ALL samples at an e:t of 1:5 and indicated concentrations of TM123. Living leukemic cells were determined after 24 h via flow cytometry. Cytotoxic activity was benchmarked against the tumor cells-only control. (D) TM123-redirected autologous UniCAR-T (2 × 10^4^) were co-cultured with primary B-ALL blasts. EC~50~ concentrations were determined after 24 and 48 h at an e:t of 1:1. Target cell lysis was normalized to control samples without TM (mean ± SD). Statistical significance was assessed by a non-parametric Wilcoxon-Mann-Whitney test (A) or by parametric analysis of variance (ANOVA) with Dunnett's multiple comparison test (C) (∗p ≤ 0.05, ∗∗p ≤ 0.01).

TM123-Redirected UniCAR-T Efficiently Eliminate CD123-Positive B-ALL Cells *In Vitro* {#sec2.2}
-------------------------------------------------------------------------------------

Beyond AML, CD123 is highly associated with B-lymphoblastic leukemia (B-ALL). Hence, we also investigated the performance of UniCAR-T against TOM-1 cells and primary CD123^+^ B-ALL samples ([Figures 2](#fig2){ref-type="fig"}A and [S1](#mmc1){ref-type="supplementary-material"}H). UniCAR-T redirected to TOM-1 demonstrated potent anti-leukemic effects with an EC~50~ in picomolar concentration of TM123 ([Figure S1](#mmc1){ref-type="supplementary-material"}I). We also found that both allogeneic and autologous UniCAR-T mediated the eradication of primary B-ALL blasts after either 24 or 48 h ([Figures 2](#fig2){ref-type="fig"}C and 2D).

TM123 Demonstrates Favorable Pharmacokinetic and Pharmacodynamic Properties for Enabling Rapid Switchability of UniCAR-T {#sec2.3}
------------------------------------------------------------------------------------------------------------------------

We studied the pharmacokinetics of TM123, as the *in vivo* availability of UniCAR-specific TMs is crucial for their anti-tumor efficacy ([Figure 3](#fig3){ref-type="fig"}). Clearance from peripheral blood (PB) after intravenous (i.v.) injection was determined in experimental mice, and a plasma half-life of 27 min was calculated for TM123 ([Figure 3](#fig3){ref-type="fig"}A). *In vitro* experiments confirmed that cell-bound TM123 rapidly internalizes upon binding to CD123 at 37°C, with an estimated half-life of 31 min, favoring the rapid switchability of TM123-redirected UniCAR-T ([Figure 3](#fig3){ref-type="fig"}B). Furthermore, we found that TM123 infiltrates the bone marrow (BM) immediately after i.v. bolus injection ([Figure 3](#fig3){ref-type="fig"}C). The functionality of administered TM123 was demonstrated by binding of re-isolated TMs from PB and BM to MOLM-13 cells ([Figure 3](#fig3){ref-type="fig"}D).Figure 3Pharmacokinetics of TM123 Enables Rapid Switching of UniCAR-TIn order to determine half-life of TM123, NSG mice were injected intravenously (i.v.) with indicated amounts of TM123 normalized to the body weight of mice. Samples were taken at the indicated time points. The concentration of TM123 was determined via in-house ELISA.[@bib30] (A) Peripheral blood (PB) pharmacokinetics of 1,000 or 2,500 ng/g TM123 following i.v. bolus. (B) Internalization of TM123 into CD123-positive MOLM-13 cells was measured *in vitro* via flow cytometry at 37°C, while 4°C samples served as a negative control. (C) Bone marrow (BM) infiltration of 2,500 ng/g i.v. injected TM123. The BM infiltration ratio was calculated relative to corresponding plasma samples. (D) Binding of TM123 in PB or corresponding BM samples after i.v. bolus against MOLM-13 cells was determined via flow cytometry. Data represent means of individual experiments or analyzed mice (mean ± SEM).

UniCAR-T Demonstrate Anti-Leukemic Efficacy against Acute Leukemia *In Vivo* {#sec2.4}
----------------------------------------------------------------------------

*In vivo* efficacy of TM123-redirected UniCAR-T was explored in a systemic MOLM-13 xenograft model ([Figure 4](#fig4){ref-type="fig"}A). Treatment with TM123 via an intraperitoneal (i.p.) injection ([Figure S3](#mmc1){ref-type="supplementary-material"}A) prevented the engraftment of AML and led to a significant survival benefit in tumor-bearing mice ([Figure 4](#fig4){ref-type="fig"}B). There was a significant reduction in AML cells in BM and PB within the TM123-treated group ([Figure 4](#fig4){ref-type="fig"}C) along with higher CD3^+^ T cell frequencies measured at each individual endpoint ([Figure 4](#fig4){ref-type="fig"}D). The analysis of T cell phenotype[@bib36] was carried out by staining for the surface markers CD3, CD4, CD28, CD45RO, CD95, and CD197. Analysis of the different phenotypes revealed a stable composition of T cell subsets *in vivo* before and after treatment ([Figure S3](#mmc1){ref-type="supplementary-material"}B). Despite control of leukemic progression in the BM during TM123 treatment, the development of mostly subcutaneous metastases at later time points was the predominant cause of death in the TM123-treatment group (data not shown). However, long-term efficacy of TM123-redirected UniCAR-T against MOLM-13 cells was confirmed in an AML Winn-type assay ([Figures S4](#mmc1){ref-type="supplementary-material"}A--S4C). The applied UniCAR-T were isolated 20 weeks after transplantation and re-challenged with MOLM-13 cells *ex vivo*, resulting in a TM123 dose-dependent target cell lysis ([Figure S4](#mmc1){ref-type="supplementary-material"}D). To examine *in vivo* efficacy of UniCAR-T against extramedullary leukemic bulks, we established a patient-derived CD123-expressing B-ALL xenograft (PDX) with locally limited extension. For the extramedullary treatment model ([Figures 4](#fig4){ref-type="fig"}E; [Figure S3](#mmc1){ref-type="supplementary-material"}C), blasts were transplanted subcutaneously (s.c.) into the flank of NSG mice. In total, mice received six cycles of TM123 with 2.5 μg/g body weight via i.p. injection for 5 consecutive days. The tumor progression was significantly delayed in UniCAR-T-bearing mice during the application of TM123 ([Figures 4](#fig4){ref-type="fig"}F and [S3](#mmc1){ref-type="supplementary-material"}D), leading to a prolonged survival of the treated mice ([Figure 4](#fig4){ref-type="fig"}G). However, an increase in tumor mass was observed at the end of therapy. Since UniCAR-T were still detectable at all individual endpoints ([Figure S3](#mmc1){ref-type="supplementary-material"}E), interference of checkpoint molecules could be a possible cause.Figure 4Leukemia Eradication by CD123-Redirected UniCAR-T in NSG CDX and PDX Models(A) NSG mice were engrafted with 1 × 10^5^ MOLM-13 cells 72 h prior to intravenous (i.v.) transplantation of 5 × 10^6^ UniCAR-T. Mice were injected intraperitoneally (i.p.) with 1 μg/g body weight TM123 twice a day for 10 consecutive days. Treatment was repeated after an application-free period of 5 days. (B) Overall survival of tumor-transplanted mice. (C) Analysis of remaining leukemic cells in the peripheral blood (PB) and bone marrow (BM) of euthanized animals. (D) T cell engraftment of UniCAR-T transplanted mice in PB and BM. A common color code was used for (B), (C), and (D). (E) Patient-derived CD123-positive B-ALL blasts (1 × 10^6^) were transplanted s.c. into the left flank of NSG mice. UniCAR-T were injected i.v. with doses of 2 × 10^6^ and 5 × 10^6^ at 3 (19 days) and 5 (30 days) weeks after tumor application, respectively. Tumor volumes prior to TM123 treatment showed no significant discrepancies among analyzed cohorts. Mice were i.p. injected with 2.5 μg/g body weight TM123 twice a day for 5 consecutive days. Treatment was repeated for a total of six cycles with application-free periods of 2 days in between. The highlighted region indicates the TM123-free period after tumor therapy. (F) Progression of extramedullary bulky disease was monitored during an observation period of 12 weeks utilizing a digital caliper. Data represent longitudinal median tumor growth of treated cohorts (median ± range). For analysis of tumor progression of all individual mice, please refer to [Figure S3](#mmc1){ref-type="supplementary-material"}D. (G) Kaplan-Meier survival analysis in the experimental groups. Statistical significance for (B) and (G) was assessed by the Kaplan-Meier method with log rank (Mantel-Cox), non-parametric one-way analysis of variance (Kruskal-Wallis test) with Dunn's multiple comparison test (C), a non-parametric Wilcoxon-Mann-Whitney test (D), or a two-way analysis of variance (ANOVA) (F) (∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001; ns, not significant).

Anti-Leukemic Efficacy of TM123-Redirected UniCAR-T is Comparable to CD123 CAR-T {#sec2.5}
--------------------------------------------------------------------------------

Clinical efficacy data are currently only available for CAR-T harboring a fixed binding moiety. We therefore generated a CAR harboring the TM123 single-chain variable fragment (scFv) as a fixed extracellular binding moiety ([Figure 5](#fig5){ref-type="fig"}A). When UniCAR-T and CD123 CAR-T were analyzed through a comparison of their phenotypic subsets,[@bib36] we found that the majority of CAR-T and UniCAR-T exhibited a central memory-like phenotype with a constant CD4^+^-to-CD8^+^ ratio (data not shown). Degranulation of UniCAR-T in response to OCI-AML3 cells was restricted to the presence of TM123. Of note, degranulation was observed for both CD4^+^ and CD4^−^ UniCAR-T and CD123 CAR-T ([Figure 5](#fig5){ref-type="fig"}B). In the case of e:t ratios as low as 1:25, we found effective cytotoxic responses of both CD123 CAR-T and UniCAR-T in the presence of 5 nM TM123. The anti-leukemic *in vitro* efficacy was comparable between TM-redirected UniCAR-T and CD123 CAR-T in all of the conditions analyzed ([Figure 5](#fig5){ref-type="fig"}C).Figure 5Anti-Leukemic Efficacy of TM123-Redirected UniCAR-T Is Comparable to CD123 CAR-T(A) A CD123-specific CAR construct including a fixed binding moiety was constructed by replacing the UniCAR binding domain with the single-chain fragment variable (scFv) of the CD123-specific TM. (B) CD123 CAR-T as well as UniCAR-T (2 × 10^4^) in the presence or absence of 5 nM TM123 were cultivated with OCI-AML3 cells at an e:t ratio of 1:1. Degranulation of CAR-T and UniCAR-T was determined by CD107a expression after 6 h of culture. (C) Cytotoxic efficacy of CD123 CAR-T (n = 3) and UniCAR-T (n = 5) in combination with 5 nM TM123 against OCI-AML3 cells (5 × 10^4^) was determined after 24 and 48 h for the indicated range of e:t ratios and compared to control samples containing tumor cells only (gray bars). Statistical significance was assessed for indicated numbers of donors by non-parametric one-way analysis of variance (Kruskal-Wallis test) with Dunn's multiple comparison test (B) or a non-parametric Wilcoxon-Mann-Whitney test (C) (∗p ≤ 0.05; ns, not significant).

Permanent Antigen Reactivity of CD123 CAR-T is Associated with Hematotoxicity in Humanized Mice {#sec2.6}
-----------------------------------------------------------------------------------------------

To gain insights into possible effects of antigen density on target cells during an anti-leukemic response of UniCAR-T and CD123 CAR-T, genetically engineered T cells were cultured with CD123^high^- and CD123^low^-expressing target cells ([Figure 6](#fig6){ref-type="fig"}A). Both UniCAR-T and CD123 CAR-T efficiently eliminated the CD123^high^ target cells within 120 h. Interestingly, only TM123-redirected UniCAR-T reduced the numbers of CD123^low^ cells to 50% within this time frame, demonstrating that the modular CAR-T approach is also capable of killing weakly positive cells. After TM123 withdrawal, however, UniCAR-T were switched off and CD123^low^ cells were recovered. In contrast, the continuously active CD123 CAR-T eliminated CD123^low^ cells, albeit with slower kinetics compared to CD123^high^ target cells. These results indicate that temporally and/or concentration-restricted administration of TM123 might allow a differentiated UniCAR-T cytotoxic response against cells with varying CD123 surface densities. We quantified the CD123 surface expression on a large number of cell types using a calibration curve ([Figure S5](#mmc1){ref-type="supplementary-material"}A). Windows for rapid, delayed, and slow cytotoxic responses of UniCAR-T were defined based on results from cytotoxicity assays against cell lines with known CD123 densities (as shown in [Figure 6](#fig6){ref-type="fig"}A). CD123 surface density on all analyzed primary AML and B-ALL samples was categorized into the rapid response range with the exception of a sample from a single AML and B-ALL patient each. In contrast, CD34^+^ hematopoietic stem and progenitor cells (HSPCs) displayed a CD123 surface density triggering a delayed UniCAR-T response ([Figure 6](#fig6){ref-type="fig"}B). To examine possible effects of CD123 CAR-T and TM123-redirected UniCAR-T against CD34^+^ progenitors, we performed cytotoxicity assays. Up to 30--40% lysis of CD34^+^ progenitors was observed by both TM123-activated UniCAR-T and CD123 CAR-T after 48 h ([Figures 6](#fig6){ref-type="fig"}C and [S5](#mmc1){ref-type="supplementary-material"}B). Importantly, no UniCAR-T reactivity was observed in the absence of TM123.Figure 6Hematotoxic Effects of Constitutively Active CD123 CAR-T in Humanized Mice Are Prevented By the Switch-Off Mechanism of UniCAR-T(A) UniCAR-T or CD123 CAR-T (2 × 10^3^) were incubated with 1:1 pre-mixed CD123^high^- and CD123^low^-expressing cells (OCI-AML3, NALM-6) at an e:t ratio of 1:10. TM123 was added once at the start of the experiment in the respective groups. Long-term cytotoxic responses against individual target cell populations were monitored for 216 h (mean ± SEM). (B) CD123 was quantified via an antigen standard curve on cell lines, patient-derived leukemia samples, and CD34-purified hematopoietic stem and progenitor cells (HSPCs) from granulocyte colony-stimulating factor (G-CSF)-mobilized healthy donors. Rapid (rr), delayed (dr), and slow response (sr) ranges of UniCAR-T with TM123 have been adapted to pre-determined anti-tumor efficacy rates against several CD123-expressing cell lines. (C) CD34^+^ HSPCs purified from G-CSF-mobilized healthy donors were co-cultured with allogeneic CD123 CAR-T or UniCAR-T with or without 5 nM TM123 at an e:t ratio of 1:2. Cytotoxic response against hematopoietic progenitors was determined after 48 h of incubation of CD34^+^ HSPCs (1 × 10^5^) with CAR-T (5 × 10^4^). Results were normalized to control samples containing CD34^+^ progenitors only. (D) Mixtures of CD34^+^ HSPCs (1 × 10^6^) and CD123 CAR-T or UniCAR-T (5 × 10^5^) combined with or without 5 nM TM123 cultured for 48 h were subsequently injected into sub-lethally irradiated NSG mice. Peripheral blood (PB) samples were taken up to 20 weeks after transplantation. (E) Engraftment analysis of CD45^+^ human leukocytes within PB. Significance levels were calculated relative to the control group injected with CD34^+^ cells only. (F) Bone marrow (BM) samples were analyzed for the presence of the lineage marker negative compartment (Lin^−^) and in particular for the hematopoietic stem cell-enriched cell pool via flow cytometry 23 weeks after transplantation (geometric mean ± 95% confidence interval \[CI\]). For analysis of human cell engraftment for all individual mice, see also [Figure S5](#mmc1){ref-type="supplementary-material"}D. Statistical significance was assessed by a parametric one-way analysis of variance (ANOVA) with Tukey's (A and B) or Dunnett's multiple comparison test (C and F) and nonparametric ANOVA (Kruskal-Wallis test) with a *post hoc* Dunn's multiple comparison test (E) (∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001).

To prove the reversibility of hematotoxicity of TM123-redirected UniCAR-T and to investigate long-term effects of CD123-directed toxicity, NSG mice were injected with pre-incubated cell mixes of allogeneic CD123 CAR-T or UniCAR-T and purified CD34^+^ HSPCs ([Figure 6](#fig6){ref-type="fig"}D). While TM123-redirected UniCAR-T mediated minor toxic effects, the engraftment of human hematopoiesis was not significantly different between mice transplanted with CD34^+^ HSPCs only and animals co-transplanted with UniCAR-T ([Figures 6](#fig6){ref-type="fig"}E, [S5](#mmc1){ref-type="supplementary-material"}C, and S5D). In contrast, continuously active CD123 CAR-T caused significant hematotoxicity, resulting in a longitudinal reduction of human leukocytes in PB ([Figures 6](#fig6){ref-type="fig"}E and [S5](#mmc1){ref-type="supplementary-material"}D). Moreover, analysis of BM revealed significantly reduced cell numbers for lineage marker negative cells (Lin^−^), including the HSC-enriched CD34^+^ HSPC fraction in mice transplanted with CD123 CAR-T ([Figures 6](#fig6){ref-type="fig"}F, [S5](#mmc1){ref-type="supplementary-material"}E, and S5F). We did not detect any significant differences in mice engrafted with UniCAR-T and the control groups.

Good Manufacturing Practice (GMP)-Equivalent Clinical Scale-Manufactured UniCAR-T~CS~ Demonstrate High Efficacy Targeting CD123^+^ AML Comparable to Laboratory-Scale UniCAR-T {#sec2.7}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

During the establishment and validation of the manufacturing process of clinical-scale UniCAR-T (UniCAR-T~CS~), we performed several runs using leukapheresis products from healthy donors. The resulting products had an average frequency of 30% UniCAR-expressing T cells ([Figure 7](#fig7){ref-type="fig"}A). Furthermore, UniCAR-T~CS~ were found to predominantly be composed of a memory-like phenotype[@bib36] (central memory \[T~CM~\] and transitional memory \[T~TM~\] T cells), with minor frequencies of effector memory T cells (T~EM~) and negligible populations of either stem cell memory (T~SCM~) or terminal effector (late effector) (T~LE~) T cells ([Figure 7](#fig7){ref-type="fig"}B). The potency and cytokine release of the resulting TM123-redirected cell products were comparable as measured by a standardized cytotoxicity assay ([Figures 7](#fig7){ref-type="fig"}C and 7D). Induction of cytokine release occurred at a higher TM123 concentration than specific lysis of target cells and reached half-maximal amounts at TM123 concentrations 3- to 10-fold higher than those required for induction of half-maximal killing ([Figures 7](#fig7){ref-type="fig"}C and 7D). Thus, manufacturing at the clinical scale proved to be robust and resulted in rather uniform cell products with anti-leukemic responses comparable to laboratory-scale UniCAR-T batches.Figure 7Clinical Scale-Manufactured UniCAR-T~CS~ Demonstrate High Efficacy Targeting CD123^+^ AMLGood manufacturing practice (GMP)-equivalent manufactured clinical-scale UniCAR-T~CS~ were generated utilizing the CliniMACS Prodigy® automated system. (A) UniCAR surface expression of clinical-scale runs was determined via flow cytometry staining with a monoclonal antibody specific for the extracellular linker domain of the UniCAR. (B) UniCAR-T~CS~ phenotype[@bib36] in the final cell product from six representative batches was estimated via staining for the surface markers CD3, CD4, CD28, CD45RO, CD95, and CD197. UniCAR-T were classified in late effector (T~LE~), stem cell memory (T~SCM~), central memory/transitional memory (T~CM~/T~TM~), and effector memory (T~EM~) T cells.[@bib36] Non-defined cells (nd) fall outside of these definitions. (C) TM123 dose-response-dependent cytotoxic efficacy and cytokine release of UniCAR-T~CS~ after 48 h of cultivation with OCI-AML3 cells. Half-maximal response (EC~50~) for cytokine secretion and specific lysis were calculated from response curves (mean ± SD). Data were further normalized against the maximum value observed in each dataset. (D) Donor-specific data for plots shown in (C). Statistical significance was assessed by non-parametric one-way analysis of variance (Kruskal-Wallis test) with a *post hoc* Dunn's multiple comparison test (∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001; ns, not significant).

Discussion {#sec3}
==========

There is still a highly unmet medical need for novel therapeutic interventions to treat acute leukemia, in particular for patients with refractory or relapsed disease. Targeted immunotherapy provides a promising option to specifically eliminate chemo-resistant leukemia-initiating cells (LICs), which are reported to be the main cause of relapse.[@bib4] For the treatment of AML and CD19 therapy-resistant B-ALL, CD123 emerged as a suitable target due to its overexpression in AML and B-ALL blasts.[@bib18], [@bib19], [@bib20], [@bib21] However, in contrast to CD19, CD123 is a challenging target, as it is also expressed on hematopoietic progenitors[@bib4]^,^[@bib22], [@bib23], [@bib24] and endothelia.[@bib25]^,^[@bib26] Preclinical studies focused on CD123-directed immunotherapy revealed toxicities against normal cells, including CD34^+^ progenitors.[@bib27], [@bib28], [@bib29]^,^[@bib37]^,^[@bib38] Early clinical trials with CD123-directed CAR-T have not reported major toxicities so far,[@bib39] but CAR-T are currently explored as bridging therapy to allo-HSCT to mitigate potential long-term hematotoxic effects (e.g., ClinicalTrials.gov: [NCT02159495](NCT02159495){#intref0015}). To overcome this limitation, we evaluated the therapeutic potential of our rapidly switchable universal CAR-T platform (UniCAR)[@bib40] for its ability to target CD123-expressing leukemia. We hypothesize that a controlled activation of CAR-T would not only maintain full anti-leukemic efficacy, but also increase safety with no need for safety switch mechanisms via suicide genes or mAb-mediated T cell depletion.[@bib41]

We recently described a bi-specific TM that simultaneously targets CD123 and CD33 and that showed promising results *in vitro* and *in vivo* for anti-tumor efficacy.[@bib30] However, for several reasons we chose a CD123-only TM for further clinical development. First, both CD123 and CD33 are present in major subsets of HSPCs and the myeloid compartment, raising safety concerns about the clinical application of a TM that simultaneously attacks both antigens. Second, bi-specific T cell engagers targeting CD33 are already in clinical studies (ClinicalTrials.gov: [NCT03516760](NCT03516760){#intref0020} and [NCT02520427](NCT02520427){#intref0025}). Lastly, the development of a CD123-specific TM can also be used for treatment of B-ALL. Hence, we developed a soluble small-sized CD123-specific TM (TM123) that can easily penetrate the BM, the primary site for the localization of residual LICs in AML and B-ALL. In AML, LICs act as key players in relapse after initial treatment[@bib42], [@bib43], [@bib44], [@bib45], [@bib46] due to their high self-renewal capacities and chemoresistance.[@bib47]^,^[@bib48] As the AML-inducing compartment is described by a CD34^+^/CD38^−/+^/CD123^+^ immunophenotype,[@bib4]^,^[@bib45]^,^[@bib49] targeting CD123 potentially enables sustained responses in patients due to eradication of LICs. In the case of B-ALL, LICs[@bib50] also highly express CD123 in the absence of CD19. Thus, combinatorial targeting of CD19 and CD123 could potentially increase the therapeutic response.[@bib20]

We show that UniCAR-T are highly effective, eliminating CD123-positive leukemic cell lines and primary blasts in combination with TM123. In the presence of CD123-expressing target cells, activation and induction of effector functions of UniCAR-T are strictly dependent on the availability of TM123. Conversely, TM123 does not activate UniCAR-T in the absence of CD123-expressing target cells. Moreover, TM123-redirected UniCAR-T were shown to be highly efficient in treating AML and B-ALL in xenograft models by significantly prolonging the survival of mice. The combined UniCAR-T/TM123 treatment also delayed the progression of established extramedullary bulky disease in a B-ALL PDX model.

UniCAR-T efficiently lysed primary AML and B-ALL at picomolar concentrations of TM123 with comparable anti-leukemic efficacy as classical CD123-specific CAR-T. Surprisingly, we observed the half-maximal cytolytic activity of TM123-redirected UniCAR-T at TM concentrations that only induced negligible cytokine release. Thus, there might be a therapeutic window to induce effective killing of leukemic cells by UniCAR-T at TM123 concentrations too low to induce massive cytokine release. Fine-tuning UniCAR-T reactivity with a balanced administration of TM123 may reduce acute adverse events and would even allow the treatment of patients with bulky leukemic burdens. In line with other preclinical studies,[@bib27] CD123 CAR-T significantly impaired human hematopoiesis in our preclinical model. However, only limited cytotoxic response against CD123-expressing HSPCs upon short-term *in vitro* cultivation with CD123 CAR engrafted cytokine-induced killer (CIK) cells was reported by others,[@bib28]^,^[@bib51]^,^[@bib52] comparable to results for short-term TM123-activated UniCAR-T during this study. The *in vitro* treatment of HSPCs with TM123-redirected UniCAR-T resulted in lysis of presumably CD123-expressing HSPCs to a similar extent as observed for CD123 CAR-T. However, this effect is transient and abrogated by TM123 withdrawal, since no significant impact was observed *in vivo*. In this line, UniCAR-T alone did not exhibit any toxicity against HSPCs.

Other modular CAR-T approaches made use of larger antibody fragments redirecting CAR-T against targets with better safety profiles, e.g., CD19 or CD20 (ClinicalTrials.gov: [NCT02776813](NCT02776813){#intref0030}).[@bib53], [@bib54], [@bib55] However, we think that the pharmacokinetic properties of full-length antibodies such as rituximab are not suitable for the control of a fast-acting CAR-T system. The short plasma half-life of TM123 (\<1 h) with an internalization rate of less than 2 h leads to its rapid elimination and provides a fast mechanism for the systemic switch-off of UniCAR-T activity within less than 4 h. Notably, the safety of flotetuzumab (MGD006), a CD3×CD123 bi-specific antibody with a short plasma half-life that is comparable to that of TM123, was pre-clinically explored in non-human primate models,[@bib56] wherein repeated treatments even with high doses resulted in a nonsignificant reduction of the CD34^+^/CD38^+^ HSPCs, and no effect on endothelia and CD34^+^/CD38^−^ cells was reported.[@bib56] Moreover, flotetuzumab was reported to have an acceptable safety profile during clinical investigation.[@bib57]^,^[@bib58]

Overall, the preclinical data accumulated in the present study provide a strong foundation for supporting the exploration of safety and efficacy of the TM123-redirected UniCAR-T in a phase I clinical trial (ClinicalTrials.gov: [NCT04230265](NCT04230265){#intref0035}). The modular approach of the UniCAR platform technology adds rapid control mechanisms for CAR-T reactivity to allow targeting of antigens with potential safety concerns, while maintaining the high anti-leukemic activity of CAR-T. Moreover, a combination of, or sequential application of, several TMs during treatment might prevent development of therapy-induced antigen-loss escape variants in the future.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

TOM-1 (DMSZ, ACC 578) and MOLM-13 cells (DMSZ, ACC 554) were cultured in complete RPMI 1640 medium supplemented with 20% or 10% fetal calf serum (FCS), respectively (all purchased from Merck Millipore, Burlington, MA, USA). HEK293T (ATCC, CRL-11268), HT-1080 (ATCC, CCL-121), and OCI-AML3 cells (DMSZ, ACC 582) were cultured in DMEM, high glucose, GlutaMAX (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FCS. Primary AML blasts and CD34^+^ HSPCs were cultured in stem cell growth medium (SCGM) (CellGenix, Portsmouth, NH, USA) supplemented with 1% human serum albumin (HSA) (Baxter, Deerfield, IL, USA), 10 ng/mL Flt3L, 10 ng/mL SCF, and 10 pg/mL IL-3 (all purchased from PeproTech, Rocky Hill, NJ, USA). ALL blasts were cultured in adapted Iscove's modified Dulbecco's medium (IMDM) medium[@bib59] (Thermo Fisher Scientific, Waltham, MA, USA). Mycoplasma tested cells were maintained at 37°C in a humidified atmosphere of 5% CO~2~.

Design of CAR Constructs and Manufacturing of CAR-T Batches {#sec4.2}
-----------------------------------------------------------

The design of the UniCAR harboring CD28/CD3ζ-derived signaling domains was already described.[@bib30]^,^[@bib60] For the clinical construct, structural modifications were made in order to reduce immunogenicity and enhance the UniCAR framework design. To generate CAR-T batches, human T cells were isolated from leukapheresis product of healthy donors (Cellex, Dresden, Germany) or purified from buffy coats (German Red Cross, Dresden, Germany).[@bib30] CAR expression on T cells was analyzed as described recently.[@bib30]^,^[@bib61] GMP-equivalent manufactured UniCAR-T~CS~ were generated utilizing the CliniMACS Prodigy (Miltenyi Biotec, Bergisch Gladbach, Germany) automated system and clinical-grade retroviral supernatant.

Flow Cytometry {#sec4.3}
--------------

Experiments were performed on a MACSQuant Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach, Germany) or BD LSR II (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed via FlowJo v10 software (FlowJo, Ashland, OR, USA). Antibodies used for analysis of cells were as follows: anti-CD4 (SK3), anti-CD8 (RPA-T8), anti-CD10 (HI10a), anti-CD14 (M5E2), anti-CD19 (HIB-19), anti-CD25 (BC96), anti-CD28 (CD28.2), anti-CD33 (WM53), anti-CD34 (8G12), anti-CD38 (HIT2), anti-CD45RO (UCHL1), anti-CD45RA (HI100), anti-CD66b (G10F5), anti-CD95 (DX2), anti-CD107a (H4A3), anti-CD123 (9F5), and anti-CD197 (150503) (all purchased from BD Biosciences, Franklin Lakes, NJ, USA); anti-human leukocyte antigen (HLA)-DR (L243) and anti-CD3 (UCHT1) (both purchased from Thermo Fisher Scientific, Waltham, MA, USA); anti-CD45 (HI30), anti-CD123 (6H6), and anti-HuLin (OKT3/M5E2/3G8/HIB19/2H7/HCD56) (all purchased from BioLegend, San Diego, CA, USA); anti-CD49f (REA518) (Miltenyi Biotec, Bergisch Gladbach, Germany); and anti-La (5B9) and anti-La (7B6)[@bib30]^,^[@bib61] (in-house) or GaM-Alexa Fluor 647 (Dianova, Hamburg, Germany). Antigen quantification was performed using Dako QIFIKIT (Agilent Technologies, Santa Clara, CA, USA).

Design, Expression, and Purification of the Recombinant TM TM123 {#sec4.4}
----------------------------------------------------------------

Compared to the CD123-specific TM that has already been published,[@bib30] we optimized TM123 further to mitigate potential immunogenicity of non-human sequences. The CD123-directed scFv derived from a murine mAb was modified by de-immunization. Recombinant TM was expressed in Chinese hamster ovarian (CHO) cells and purified as recently described.[@bib30] Batches were characterized by UV absorption, SDS-PAGE, immunoblot, and high-performance liquid chromatography (HPLC) for content, purity, and identity.

Determination of T Cell Activation and Cytotoxic Responses {#sec4.5}
----------------------------------------------------------

T cell activation and cytotoxic responses were determined via flow cytometry as described before.[@bib30] Tumor elimination was normalized to donor-specific allogeneic controls. Primary leukemic blasts were identified via flow cytometry. Expansion of CAR-T was ratio-calculated to seeded numbers of cells. T cell degranulation was analyzed via staining of CD107a after 6 h. Accordingly, monensin (BioLegend, San Diego, CA, USA) was added to cytotoxicity assays containing anti-CD107a mAb after 1 h of incubation.

Determination of Cytokine Release {#sec4.6}
---------------------------------

Cell-free supernatants were analyzed by BD OptEIA sandwich ELISA kits (BD Biosciences, Franklin Lakes, NJ, USA) or Cytokine & Chemokine 34-Plex Human ProcartaPlex Panel 1A (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocols.

Quantification of Phosphorylation of STAT5 upon Signaling Induction via the GM-CSF/IL-3/IL-5 Receptor Complex {#sec4.7}
-------------------------------------------------------------------------------------------------------------

U937-CD123 cells were incubated with 1 × 10^−6^ or 1 × 10^−8^ M TM123 or recombinant IL-3 (5 ng/mL) or GM-CSF (15 ng/mL) (PeproTech, Rocky Hill, NJ, USA) or without exogenous additives for 15 or 30 min.[@bib62] Cell lysates were prepared and gels loaded with equal volumes for immunoblotting. STAT5, phosphorylated STAT5 (pSTAT5), and β-actin (loading control) were detected using anti-STAT5 (D3N2B), anti-pSTAT5 (Tyr694) (D47E7), anti-β-actin (D6A8) and an alkaline phosphatase-linked anti-rabbit immunoglobulin G (IgG) (all purchased from Cell Signaling Technology, Danvers, MA, USA). Protein content was quantified using Image Lab software (v5.2.1, build 11). Relative signal intensities were referenced to the GM-CSF-treated sample.

NSG Xenograft Models {#sec4.8}
--------------------

Animal experiments were performed with 8- to 12-week-old male and female NSG mice according to the German animal protection law (LDS, TVV 61/2017, TVV 87/2017). Leukemic cells were either applied i.v. via tail vein injection or injected s.c., whereas UniCAR-T always were transplanted i.v. The s.c. transplanted grafts were pre-mixed in Matrigel (Corning Life Sciences, Corning NY, USA) (1:1) and injected into the flank. Engraftment of human CD34^+^ cells was enhanced by sublethal total-body irradiation 24 h prior transplantation. Sample preparation was performed as described elsewhere.[@bib30]

Statistical Analysis {#sec4.9}
--------------------

Tests indicated in figure legends were performed using GraphPad Prism 6 (GraphPad, La Jolla, CA, USA). p values \<0.05 were considered significant.

Author Contributions {#sec5}
====================

S.L., A.E., M.C., and J.R. designed experiments; S.L., J.D., J.-E.M., and J.R. performed experiments; S.L., J.-E.M., and J.R. analyzed data; M.v.B., J.S., J.R., A.F., M.B., and G.E. provided materials; S.L., A.E., and M.C. wrote the manuscript; S.L., J.D., J.S., J.R., M.v.B., M.S., C.G., K.F., A.E., and M.C. reviewed the manuscript.

Conflicts of Interest {#sec6}
=====================

M.B., G.E., and A.E. are shareholders of GEMoaB Monoclonals GmbH. G.E. and A.E. are shareholders of Cellex Patient Treatment GmbH. S.L., J.D., J.-E.M., J.S., J.R., C.G., M.S., K.F., A.E., and M.C. are employees at GEMoaB Monoclonals GmbH or Cellex Patient Treatment GmbH. M.v.B. is a consultant to both companies.

Supplemental Information {#appsec2}
========================

Document S1. Figures S1--S5Document S2. Article plus Supplemental Information

We thank Glenn Gröbe, Juliane Schneider, Christin Eger, Susann Gerber, Sarah Tröger, Nicole Kronstein, Sonja Schallenberg, Kathrin Zimmermann, Ilka Müller, and Robert Kuhnert for assistance. This work was supported by GEMoaB Monoclonals GmbH, Cellex Patient Treatment GmbH, and grants from the 10.13039/501100002347German Federal Ministry of Education and Research (BMBF; FKZ01EK1513B), the 10.13039/501100004895European Social Fund, and the 10.13039/501100014913Free State of Saxony.

Supplemental Information can be found online at <https://doi.org/10.1016/j.omto.2020.04.009>.

[^1]: These authors contributed equally to this work.
